Model
A schematic of the second stripper is shown in Figure 1 . The stripper was modeled as a moving slab at velocity v, which could be a liquid or a solid. An incident U beam at the charge state of 72+, flux of 4 particle µA, and energy of 85 MeV/nucleon passes through the stripper material and deposits some energy as heat within the stripper. Expected beam diameter was 1 mm. 
Beam

Choice of Stripper Material
To experimentally determine the best stripper material at around 80 MeV/u, the series of experiments to determine the charge state distribution as a function of material variation and thickness was performed at National Superconducting Cyclotron Laboratory (NSCL) in Michigan State University (MSU). To simulate a 80 MeV/u, U beam, Bi beam at 80 MeV/u and the charge state of 63+ was used in the experiments. Various stripper materials with different dimensions including Be 13.2 mg/cm 2 , C 16.8 mg/cm 2 , Al 10.8 mg/cm 2 , Al 15.5 mg/cm 2 , V 14.0 mg/cm 2 , Cu 8.4 mg/cm 2 , and Cu 17.9 mg/cm 2 were tested. Results are summarized in Table 1 , Figure 2 , and Figure 3 . From these results, it appeared that a material with the atomic number ranging from 6 to 23 would possess good stripping characteristics (Figure 3) . However, since carbon does not retain the good dimensional uniformity, it was not selected as a candidate for the stripper material. Other metallic materials, including Mg, Al, Ca, and Sc, are either chemically not very stable, having low melting point, or not readily available, and were not considered suitable candidates. These considerations left Na as a candidate for the liquid stripper and Ti and V as candidates for the solid stripper.
Also, the obtained charge distributions for Al 10.8 mg/cm 2 and 15.5 mg/cm 2 were almost identical and those for Cu 8.4 mg/cm 2 and 17.9 mg/cm 2 were very similar ( Figure  2 ), indicating that the minimum thickness to reach equilibrium charge state distribution would have been approximately 10 mg/cm 2 for the present case. 
Nuclear Physics Calculations
To evaluate the volumetric heat generation in the stripper material, the function "EnergyLossInMatter_option(Z_p, A_p, E, Z_t, ∆t, OPT)" in LISE for Excel was used. This function requires 6 arguments; Z_p is the atomic number of an incident beam, A_p is the atomic mass number of an incident beam, E is the energy of an incident beam in MeV/nucleon, Z_t is the atomic number of a target material, ∆t is the thickness of a target in mg/cm 2 , and OPT is a flag to specify which model is used in the calculation (i.e. 0 = Hubert, 1 = Ziegler, 2 = ATIMA). OPT = 2 was used in this study. The thickness, ∆t, is related to the actual physical distance ∆x in meters as,
where ρ is the density of the target in kg/m 3 . The function, "EnergyLossInMatter_option" returns the value of the incident beam energy after penetrating through the target with a thickness of ∆t specified in the arguments shown in Figure 4 . Then, the volumetric heat generation, ' ' ' Q , in the stripper was calculated as,
where ' ' Q is the initial energy flux density of the incident beam. The initial energy flux density, ' ' Q in W/m 2 was calculated as, ANL-06/10
where E(0) is the energy of an incident beam in MeV/nucleon, i B is the beam flux in particle µA, and R is the radius of the beam spot in meter. For the case of the incident U beam at the flux of 4 particle µA and energy of 85 MeV/nucleon, the initial energy flux is 80920 W (~81 kW) and the energy flux density is These figures suggest that this problem may be treated as a 2-D problem since the profile of the volumetric heat generation in the stripper material is uniform across the thickness of the material and the material is very thin. The fraction of the energy loss in the stripper materials at 10 mg/cm 2 thickness for a U beam at 85 MeV/u and 81 kW over a spot diameter of 1 mm is 0.0235 for all cases and corresponding energy loss, Q is 1900 W.
Thermal Calculations
Introducing some simplifications into this problem made it possible to use an analytical solution for a heat conduction problem of a moving, solid body. Since the stripper is very thin, the problem may be treated as a 2-D problem (Pittaway, 1964) . In this analysis, a heat source that had Gaussian distribution was moving at the velocity, v m/s on a thin stripper material. The stripper had a constant, uniform, background temperature of ∞ T . For simplicity, it was assumed that no heat transfer from the surfaces of the stripper took place. Then, the temperature distribution in the thin stripper material is given as (Pittaway, 1964) ,
where
In this coordinate, the origin (x=0, y=0) is the center of the beam spot.
The integration in Eq. (4) was numerically performed using a Fortran code that implemented Romberg's method (Press et. al., 1992) . Source codes and input file are attached in Appendix. Several results are presented in the following figures.
Sodium
The initial background temperature for Na was taken to be 381 K that is 10 K above the melting point of Na. Results of the thermal calculations while changing the Na film velocity from 10 m/s to 100 m/s are presented in Figures 11-16 . Figures 11-13 present the spatial temperature distribution of the Na film along the beam line. Figures  14-16 show the 2D spatial temperature distribution of the film near the beam spot. These figures show that for a once-through Na stripper system, the calculated maximum temperatures of the Na film are ~1800 K, ~680 K, and ~530 K for Na film velocity of 10 m/s, 50 m/s, and 100 m/s, respectively. Figures 14-16 indicate that the area where the calculated Na temperature becomes high is relatively narrow. The width of the high temperature area is ~x1-x2 beam diameter. Although liquid stripper concept does not suffer from thermal damaging due to melting, it is prone to release high pressure vapor depending on the vapor pressure of the stripper material. Next figure shows the saturation vapor pressure of Na.
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01 This figure shows that the values of the vapor pressure of Na are ~100 Pa and ~0.5 Pa at 680 K and 530 K, respectively. These vapor pressures seem to be too high and may not be acceptable for linac operation.
Titanium and Vanadium
The initial background temperature for Ti and V was room temperature (298 K). An initial conceptual design for the moving Ti and V stripper was a rotating disk. As the first design, it was assumed that the diameter of the disk was ~0.3 m and rotation of 3000 rpm from engineering view point. Thickness must have met the nuclear physical requirement (~15-20 micrometers). The beam spot was located near the edge of the disk. The circumference of the disk was therefore ~1 m and the beam spot moved at 50 m/s on the stripper foil. Figures 18, 19 present the spatial temperature distribution of the disk along the beam line, assuming linear beam spot movement. Again, these figures indicate that the area where temperature becomes high is relatively narrow. The width of the high temperature area in the proximity of the beam spot is limited within ~x1-x2 beam diameter. For the rotating disk stripper, the same location will eventually be irradiated by the beam again. For example, if the disk is not wobbled in radial direction, the same spot on the disk will be beamed again after one rotation. The next figures show how thermal energy spreads in the disk by conduction when no radiation heat loss to the outside was assumed. It must be noted that if no wobbling was assumed, the second initial temperature for the beam spot would be ~700 K, which is ~400 K higher than the first initial temperature. The width of the heated area became ~4-5 mm after one rotation due to spreading of thermal energy by conduction through the disk. This means that if the disk is shifted in radial direction by more than ~2-3 mm after one rotation, the beam will hit the place that has not been thermally affected by the beam. Similar results and observations were also obtained for the V disk case. Eventually, the radiation heat loss from the surface of the disk must balance the thermal energy deposition from the beam that is ~2000 W. For a simple estimation, the stripper disk was assumed to be a disk whose circumference with a certain width was held at a constant, uniform temperature held in vacuum whose surrounding temperature was the room temperature. The disk may be blackened to increase the emissivity to enhance radiative heat transfer. The enhanced emissivity of 0.8 was used in the following calculations. Both sides of the disk were assumed to contribute radiation. 
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The amount of heat removed by radiation was calculated as,
where A is the surface area, σ is Stephan-Boltzmann constant (= 5.67×10
ε is an emissivity of the wall (0.8 for all cases), F is a view factor (taken to be 1 for all cases), and BG T is the background temperature (taken to be 300 K for all cases). For linac operation, low vapor pressure in the cavity is desirable (~10 -4 Pa). For Ti, upper limit temperature was set at 1500 K and 1600 K for V. Since instantaneous temperature increases are ~820 K and ~870 K for Ti and V, respectively, the highest background temperature for both cases needs to be < ~700 K. One more important point is that the beam line must cross after one rotation when the direction of shifting changes at the edges of the hot area (see Figure 25 ). This means that the point at which the beam line crosses experiences beam shot twice after only one rotation (~1 m after first beam shot for a disk with ~0.3 m diameter). Therefore, an additional ~700 K temperature increase has to be added. As a result, it is not possible to maintain the temperature at the beam cross point below 1500 K for Ti or 1600 K for V, unless disk size and disk rotation velocity are appropriately adjusted, which may create engineering issues. It must be noted that since the average temperature of the hot area will be higher than the uniform background temperature calculated in the above table due to heating from beam irradiation, this estimation is expected to be somewhat conservative. It is apparent that the width of the hot area needs to be > ~0.05 m, unless the disk size is much larger. Since it is desirable to shift the beam line by ~2-3 mm after each rotation to avoid producing hot spots, 10-20 beam lines can fit within the width of the hot area. print header in output file write(UNIT=10,FMT=*)"target properties" write(UNIT=10,FMT=*)"thermal conductivity",K," W/m-K" write(UNIT=10,FMT=*)"density",RO," kg/m^3" write(UNIT=10,FMT=*)"specific heat",CP," J/K-kg" write(UNIT=10,FMT=*)"initial film temperature",T0," K" write(UNIT=10,FMT=*)"film thickness",t," m" write(UNIT=10,FMT=*)"film velocity",v," m/s" c write(UNIT=10,FMT=*)"location relative to beam spot",W," m" write(UNIT=10,FMT=*) write(UNIT=10,FMT=*)"beam properties" write(UNIT=10,FMT=*)"power",Qt," W" write(UNIT=10,FMT=*)"beam radius",R," m" write(UNIT=10,FMT=*)"********************************************" write(UNIT=10,FMT=*)"maximum temperature in target" write(UNIT=10,FMT=*)"location (m), max. temp (K)" C calculate maximum temperature m =mmax(A) tmax=temp(K,RO,CP,T0,t,v,W,Qt,R,A,0.0d0,m) C calculate beam spot location for maximum temperature x=-m*R write(*,FMT=100)x,"m ",tmax,"K " write(UNIT=10,FMT=101)x," ",tmax write(UNIT=10,FMT=*)"********************************************" C calculate maximum power Qmax = (Tmax0-T0)/(tmax-T0) * Qt write(*,*)"maximum allowable power",Qmax," W" write(UNIT=10,FMT=*)"maximum allowable power",Qmax," W" write(UNIT=10,FMT=*)"********************************************" write(UNIT=10,FMT=*)"2D temperature distribution" write(UNIT=10,FMT=*)"Number of grid ",NXgrid," x ",NYgrid
Beam spot
Appendix
Fortran program xTFXR
calculate temperature profile C sweep vertically counter=0 do j=NYgrid/3,-(NYgrid*2)/3,-1 y=-dble(j)*dm m=-y/R write(*,*)"calculating at ",y,".. write(UNIT=10,FMT=102)x," ",y," ",tx c write(*,*)y," ",tx c write(UNIT=10,FMT=102)x,", ",y,", ",tx enddo endif enddo CLOSE(UNIT=10) 100
FORMAT(e12.6,a4,e12.6,a2) 101
FORMAT(e12.6,a4,e12.6) 102
FORMAT(e12.6,a1,e12.6,a1,e12.6) 103 FORMAT(i8.8)
END
Fortran subroutine WELCOME SUBROUTINE welcome() C Calculating maximum temperature of thin film X-ray source. C Assuming uniform temperature in the film. C Maximum temperature occurs on the trace of the center of the C beam spot.
IMPLICIT NONE WRITE(*,*)" " WRITE(*,*)" 2nd stripper thermal analysis code " WRITE(*,*)" " WRITE(*,*)" Momozaki, Yoichi " WRITE(*,*)" " WRITE(*,*)" ver. 2.0 " WRITE(*,*)" 2005/05/12 " WRITE(*,*)" " WRITE(*,*)"++++++++++++++++++++++++++++++++++++++++++++++++++" WRITE(*,*)"+ +" WRITE(*,*)"+ +" WRITE(*,*)"++++++++++++++++++++++++++++++++++++++++++++++++++" WRITE(*,*)" " WRITE(*,*)" Provide input.dat file to specify various " WRITE(*,*)"properties of system and parameters. " WRITE(*,*)" " WRITE(*,*)" " PAUSE "hit return key to proceed" C WRITE(*,*)"Computation started. 
